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! NTRGDUCTION 

Trace element data on coa l -de r i ved  products  a t  t he  p i l o t  p l a n t  stage 
are g e n e r a l l y  a v a i l a b l e .  Several years ago the feed coal  (Kentucky hvBb(1) 
and West V i r g i n i a  hvAb(2)) and products  from a s i n g l e  ba tch  o f  a long- term 
l i q u e f a c t i o n  run  on a 400 l b  c o a l l d a y  process development u n i t  were sampled. 
P r e f e r e n t i a l  removal of s e l e c t e d  elements from the l i q u i d  product  v i a  
c e n t r i f u g a t i o n  was observed i n  each case. I r o n - c o n t a i n i n g  m ine ra l s  were 
p r e f e r e n t i a l l y  removed if the  West V i r g i n i a  coa l  was employed; whi le ,  
aluminum s i l i c a t e s  were removed w i t h  Kentucky coa l .  Numerous elements (V, 
C r ,  bh, N i ,  B, Be, Ti,  As) d i d  n o t  show p r e f e r e n t i a l  removal upon 
c e n t r i f u g a t i o n .  
m o i e t i e s .  

Other elements were p r e d i c t e d  t o  be associated w i t h  o rgan ic  

l a t e r  mu l t i - e lemen t  a n a l y s i s  data on wet-ashed Pmax feed coal ,  t he  
ch lo ro fo rm-so lub le  so l ven t  r e f i n e d  coal  ( W i l s o n v i l  l e ,  AL demonstrat ion 
f a c i l i t y )  d e r i v e d  theref rom and severa l  s i z e  e x c l u s i o n  chromatographic 
f r a c t i o n s  were obta ined . ( 3 )  Apprec iab le meta l  concen t ra t i on  was found i n  
p r a c t i c a l l y  a l l  samples. Fo r  severa l  elements, concen t ra t i ons  were h ighe r  
i n  SRC than i n  i t s  parent  feed c o a l .  Th i s  obse rva t i on  suggested the 
presence o f  o rganometa l l i c  spec ies s ince  these m a t e r i a l s  were so lub le  i n  a 
wide v a r i e t y  o f  o rgan ic  so l ven ts  and had passed 5.0 um f i l t e r s .  

t r a c e  elements present  i n  process streams o f  SRC I and SRC I 1  (Tacoma, WA 
demonstrat ion f a c i l i t y )  p roduc ts  d e r i v e d  from a Western Kentucky coa l  . (4 )  I n  
t h e  SRC I process the  f i l t e r e d  m ine ra l  res idue  was observed t o  be the  s ink  
f o r  most t r a c e  elements w i t h  t h e  excep t ion  o f  T i ,  C1, B r  and Hg. The SRC I 
produc t  was found t o  c o n t a i n  l e s s  than  24: o f  t h e  e lementa l  concen t ra t i ons  i n  
t h e  c o a l .  The SRC I 1  d i s t i l l a t e  product  conta ined l e s s  than 1% o f  the  
e lementa l  con ten t  o f  t h e  feed coa l .  A l l  elements were depleted i n  SRC I 
r e l a t i v e  t o  the coa l  except B r .  

A more recen t  s tudy (5 )  has been concerned w i t h  SRC's which d i f f e r  ( f rom 
each o the r )  e i t h e r  i n  feed coal  source, convers ion s e v e r i t y  o r  method of 
r e s i d u e  removal. These m a t e r i a l s  o r i g i n a t e d  a t  t he  W i l s o n v i l l e  f a c i l i t y  and 
were d i r e c t l y  analyzed as f i l t e r e d  p y r i d i n e  s o l u t i o n s  v i a  atomic m i s s i o n  
spect rometry .  O f  t he  me ta l s  observed, those which showed any s i g n i f i c a n t  
c o n c e n t r a t i o n  (10-1000 pg/g o f  SRC) were A l ,  8, Cu, Fe, S i  and T i .  West 
Kentucky SRC from d i f f e r e n t  mines ( L a f a y e t t e  and F ies )  e x h i b i t e d  s i m i l a r  
me ta l  content  w i t h  few except ions.  The e f fec t  on e lementa l  c o n c e n t r a t i o n  o f  
m i n e r a l  ma t te r  removal v i a  f i l t r a t i o n  o r  c r i t i c a l  so l ven t  deashing was 
v a r i e d .  The most s i g n i f i c a n t  changes were seen w i t h  Ca, Fe, S i  and T i .  
W i t h  the  except ion of T i ,  t h e  e lementa l  c o n c e n t r a t i o n  i n  t h e  CSD product  was 
two t imes  or  g rea te r  than the  c o n c e n t r a t i o n  o f  the f i l t e r e d  product .  An 
i nc rease  i n  hydrogen pressure (2000-2100 p s i )  and temperature (418"-450"C) 
had a minimal e f f e c t  on meta l  con ten t .  Only  f o r  Ca, S i  and Ti was t h e r e  
g r e a t e r  than 50% r e d u c t i o n  i n  c o n c e n t r a t i o n  on going t o  more severe r e a c t i o n  
c o n d i t i o n s .  Those me ta l s  which are expected t o  be most s t r o n g l y  
organo-bound ( i  .e. t r a n s i t i o n  me ta l s )  d i d  no t  s i g n i f i c a n t l y  change 
c o n c e n t r a t i o n  as a f u n c t i o n  o f  process ing c o n d i t i o n s .  
elements such as A l ,  Ca, t?g and S i ,  on t h e  o the r  hand, appeared t o  f l u c t u a t e  

Neutron a c t i v a t i o n  a n a l y s i s  has been employed t o  o b t a i n  i n f o r m a t i o n  on 
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i n  concen t ra t i on  w i t h  process ing parameters. 

AS can be seen above, a l l  t r a c e  element s tud ies  have invo lved  
coa l -de r i ved  process so lvents ,  p i l o t  p l a n t  sampling, l eng thy  and r a t h e r  
severe r e a c t i o n  c o n d i t i o n s  and m o s t l y  b i tuminous feed coa ls .  I n  severa l  o f  
these i n v e s t i g a t i o n s  a n a l y t i c a l  methods were app l i ed  t o  the ashed sample 
r a t h e r  than t o  the unmodif ied m a t e r i a l  where l ess  sample-handling and less  
o p p o r t u n i t y  f o r  i n t r o d u c t i o n  o f  i m p u r i t i e s  are poss ib le .  

number o f  " in-house" sho r t - con tac t  t ime SRC's prepared w i t h  va r ious  bas i c  
n i t rogenous and non-basic model process so l ven ts  w i t h  both b i tuminous and 
subbituminous coa ls .  Data are repo r ted  as a f u n c t i o n  o f  l i q u e f a c t i o n  t ime  
and temperature, method o f  res idue  removal and so l ven t  s o l u b i l i t y .  I n  
a d d i t i o n ,  s i z e  exc lus ion  chromatography (SEC) o f  se lected SRC's w i t h  
metal - s p e c i f i c  i n d u c t i v e 1  y coup1 ed p l  asma atomic emission spec t romet r i c  
(ICP-AES) "on - l i ne "  d e t e c t i o n  w i l l  be u t i l i z e d  t o  a id  i n  de te rm in ing  the 
fa te  o f  t r a c e  me ta l s  d u r i n g  l i q u e f a c t i o n .  

RESULTS AND DISCUSSION 

Trace meta l  ana lys i s  o f  18 elements i n  p y r i d i n e  v i a  ICP-AES has been 

We wish t o  r e p o r t  s o l u b l e  t r a c e  meta l  ana lys i s  da ta  on an ex tens i ve  

performed on numerous in-house SRC's i n  order  t o  determine the  e f f e c t  o f  
va r ious  convers ion parameters on metal con ten t .  Table I l i s t  p y r i d i n e  
s o l u b l e  SRC ( I n d i a n a  V c o a l )  metal concen t ra t i ons  as a f u n c t i o n  o f  process 
so l ven t .  I n  o rde r  t h a t  some p o i n t  o f  re fe rence  be e s t a b l i s h e d  i n  comparing 
analyses, concen t ra t i ons  are expressed i n  pg  o f  meta l  per  gram o f  e x t r a c t e d  
mo is tu re - f ree  coa l  no t  o f  SRC. The numbers i n  each case are r e p r e s e n t a t i v e  
o f  two independent l i q u e f a c t i o n  runs and r e s p e c t i v e  meta l  de te rm ina t ions .  
R e l a t i v e  standard d e v i a t i o n s  v a r i e d  between 1% and 10% depending on the 
l e v e l  o f  meta l .  S i g n i f i c a n t  metal content  i s  found f o r  12 o f  18 meta ls  
moni tored.  The h ighest  concen t ra t i ons  i n v a r i a b l y  are observed w i t h  Fe, S i  
and Ti rega rd less  o f  t he  process so l ven t  employed. 
con ten t  does n o t  appear t o  be g r e a t l y  i n f l uenced  by t h e  va r ious  process 
so l ven ts  employed. I n i t i a l l y ,  one might  have argued t h a t  the presence o f  a 
good l i g a n d  donor so l ven t  such as THQ would complex and s o l u b i l i z e  more 
meta l  than a poor l i g a n d  donor so l ven t .  Th is  i s  no t  the case w i t h  Ind iana  V 
SRC. A g rea te r  than t e n - f o l d  change i n  metal con ten t  w i t h  the  fou r  so l ven t  
systems i s  observed o n l y  w i t h  Ca (17.4-319.9) and Mn (3.73-48.4); wh i l e ,  A1 
(20.3-121.0) and S i  (27.1-208.0) a l so  r e f l e c t  a r a t h e r  l a r g e  f l u c t u a t i o n  i n  
concen t ra t i on .  Those elements r e f l e c t i n g  the g r e a t e s t  f l u c t u a t i o n  i n  
concen t ra t i on  are p robab ly  m ine ra l  r e l a t e d .  D i f f e rences  i n  bo th  m ine ra l  
p a r t i c l e  s i ze  d i s t r i b u t i o n  and v i s c o s i t y  o f  t he  SRC e x t r a c t  (which would 
a f f e c t  the separat ion achieved by c e n t r i f u g a t i o n )  cou ld  cause t h i s  
v ar i a t  i on. 

In genera l ,  metal 

Data were a lso obta ined as a f u n c t i o n  o f  r e a c t i o n  t ime (10 and 30 
minutes)  f o r  p y r i d i n e  so lub le  SRC de r i ved  from Wyodak # 3  coa l .  Increased 
r e a c t i o n  t ime  lowers the  con ten t  of most me ta l s .  Again, many o f  those 
elements decreasing i n  s o l u b l e  meta l  c o n c e n t r a t i o n  w i t h  an increase i n  
r e a c t i o n  t ime could be m ine ra l  r e l a t e d  (Ca, Mg, S i  and T i ) .  A poss ib le  
exp lana t ion  fo r  t h i s  obse rva t i on  i s  t h a t  a l onger  r e a c t i o n  t ime may more 
e x t e n s i v e l y  de-complex these elements the reby  removing them from the  
p y r i d i n e  so lub le  SRC i n t o  the  res idue .  
i n  t h a t  one might  have reasoned t h a t  a longer  r e a c t i o n  t ime would lead t o  
more ex tens i ve  meta l  s o l u b i l i z a t i o n  ( i  .e. m ine ra l  ma t te r  conve r t i ng  t o  
o r g a n o m e t a l l i c s ) .  
which show an increase i n  c o n c e n t r a t i o n  w i t h  r e a c t i o n  t ime.  

This  f i n d i n g  i s  somewhat s u r p r i s i n g  

Th is  may ve ry  we l l  be the case w i t h  Ag, A l ,  Cu and Fe 

The most dramat ic  change i n  SRC meta l  con ten t  i s  found w i t h  the 
e x t r a c t i o n  so l ven t  employed. 
ob ta ined  on t o luene  and p y r i d i n e  s o l u b l e  f r a c t i o n s  (Wyodak #3 SRC). 

Table I 1  compares the  ana lys i s  o f  9 elements 
The 
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TABLE I 

METAL ANALYSIS DATA OF SRC'S PREPARED WITH 
VARIOUS PROCESS S O L V E N T S ~ , ~  

TETRALIN/PYRENE THQ TETRALIN/MN TETRALIN/THO/PYRENE 
(50:50) (100) (50:50) (25: 50:25) 

92.8XC E l  emen t 86.4%C 93.7%C 91.9%C 

A1 50.9 
B 95.4 
Ca 319.9 
cu 10.2 
Fe 240.3 
Mg 17.9 
Mn 21.5 
Ni 21.9 
S i  132.9 
T i  133.4 
V 6.17 
Zn 40.8 

107.0 20.3 
97.9 104.0 
65.7 17.4 
6.87 9.01 
165.4 277.4 
19.2 6.93 
3.73 48.4 
19.9 12.4 
201.4 27.1 

121.0 
105.1 
90.4 
5.35 
219.8 
5.35 
13.4 
30.1 
208.0 

113.7 116.2 199.9 
5.06 4.82 9.04 
19.2 15.4 27.3 

aInd iana V Coal; S:C, 2:1, 400'C; 30 minutes; 7.5 MPa H2 

b<l pg/g MF Coal measured f o r  Ag, Ba, Cd, C r ,  Mo, Sn. U n i t s  are pg/gMF 
coal. 

CPyr id ine  Conversion (MAF) 

TABLE I 1  

METAL ANALYSIS DATA OF PYRIDINE AND 
TOLUENE SOLUBLE SRC'Sa 

WYODAK #3b INDIANA Vb 

To1 uene Pyr i d  i n e  Toluene 
Conver s i onc Conversionc Conversionc 

Element 77.85% 82.59% 84.2% 

A1 21.5 436.6 6.44 
B 4.56 6.82 40.9 
Ca 18.4 135.2 3.01 
Fe 25.6 207.5 9.58 
Mg 
N i  
S i  

0.81 
1.72 
17.9 

68.8 0.63 
5.63 0.74 
775.6 16.9 

T i  15.9 130.0 7.48 
Zn 3.71 8.83 6.74 

aTHO; S:C, 2:l; 418'C; 7.5 MPa H2; 30 minutes 

b < l  pg/g MF Coal: 

CMAF b a s i s  

Ag, Ba, Cd, C r ,  Mn, Mu, Sn, V (Toluene) 
<1 pg/g  MF Coal: Cd, Mo, Sn ( P y r i d i n e )  

P y r i d i n e  
Conversionc 
93.9% 

170.1 
93.7 
90.0 
141.3 
19.7 
6.57 
314.5 
43.9 
15.1 
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d i f f e r e n c e s  i n  c o n c e n t r a t i o n  are l a r g e .  I n  many cases meta l  concen t ra t i ons  
are approx imate ly  one t o  two o r d e r s  of magnitude h ighe r  i n  p y r i d i n e  so lub le  
SRC r e l a t i v e  t o  to luene s o l u b l e  SRC. Also, t h e  number o f  elements appearing 
a t  concen t ra t i ons  l e s s  than 1 pg/g MF coal are 3 t imes  more numerous f o r  
to luene s o l u b l e  SRC r e l a t i v e  t o  p y r i d i n e  s o l u b l e  SRC (9  versus 3) g iven 
n e a r l y  the  same percent  conve rs ion .  
impor tant  i n  t h a t  i t  i n d i c a t e s  t h a t  t he  me ta l s  concen t ra te  themselves i n  the 
to luene i n s o l u b l e - p y r i d i n e  s o l u b l e  products .  
11) are observed w i t h  SRC d e r i v e d  from Ind iana  V. 
i m p l i c a t i o n  r e g s r d i n g  metal s p e c i a t i o n .  The g rea te r  concen t ra t i on  o f  me ta l s  
i n  the p y r i d i n e  s o l u b l e  f r a c t i o n  suggests t h a t  the n a t u r e  o f  many o f  these 
so lub le  coa l -de r i ved  meta ls  i s  more l i k e  a c o o r d i n a t i o n  complex r a t h e r  than 
a t rue  o rganometa l l i c  metal t o  carbon bonded species.  

Th is  obse rva t i on  i s  e s p e c i a l l y  

Again s i m i l a r  f i n d i n g s  (Table 
Th is  f i n d i n g  has an 

Trace meta l  ana lys i s  da ta  a r e  a l so  a v a i l a b l e  f o r  SRC m a t e r i a l  de r i ved  
from f o u r  d i f f e r e n t  Wyodak coa ls ,  Table 111. I d e n t i c a l  l i q u e f a c t i o n  
c o n d i t i o n s  were employed. Conversions are based on p y r i d i n e  s o l u b i l i t y  
which accounts f o r  t h e  r e l a t i v e l y  h i g h  metal con ten ts  found. A r e l a t i v e l y  
wide v a r i a t i o n  (>200X) e x i s t s  between h igh  and low s p e c i f i c  meta l  content  
f o r  the f o u r  SRC's even though t h e y  are a l l  d e r i v e d  from Wyodak coa ls .  The 
h ighest  metal content  appears t o  be almost u n i f o r m l y  associated w i t h  SRC 
f rom Wyodak #4 coal  (e.g. 13 out  o f  18 e lements) .  Our Wyodak coa ls  d i f f e r  
cons ide rab ly  from each o the r  i n  ash con ten t ,  f i x e d  carbon, %C, %O and %S. 
Table I V  l i s t s  u l t i m a t e  and prox imate analyses f o r  these f o u r  coal  samples. 
On a mo is tu re  f r e e  b a s i s  t h e  ash con ten t  o f  Wyodak #3 i s  approx imate ly  
double the ash content  o f  t he  o t h e r  Wyodak coa ls ;  y e t ,  i t s  SRC has the  
lowest meta l  con ten t  f o r  h a l f  o f  t h e  elements moni tored.  
which c o n t a i n s  the  h ighes t  c o n c e n t r a t i o n  o f  s o l u b l e  me ta l s  has a feed coal  
o f  i n te rmed ia te  ash con ten t  and percent  s u l f u r  and the  lowest percent 
oxygen. This  l ack  o f  c o r r e l a t i o n  between ash con ten t  and s o l u b l e  SRC meta l  
content  suppor ts  the  i dea  o f  organo-bound meta l s  i n  coa l -de r i ved  products .  
I n  f a c t  SRC s o l u b l e  metal con ten t  appears t o  n o t  c o r r e l a t e  w i t h  e i t h e r  ash, 
mois ture,  v o l a t i l e s  no r  f i x e d  carbon con ten t .  A genera l  t r e n d  o f  metal 
content  versus percent  convers ion i s  a l s o  no t  apparent. 

I n fo rma t ion  rega rd ing  the  number o f  groups o f  spec ies f o r  a p a r t i c u l a r  
meta l  and the  e f f e c t i v e  mo lecu la r  s i z e  o f  each group have been obta ined v i a  
SEC-ICP-AES on both p y r i d i n e  and to luene  so lub le  Wyodak #3 SRC (Table 11). 
I n  both cases t h e  SRC was generated under i d e n t i c a l  l i q u e f a c t i o n  c o n d i t i o n s .  
Seven common elements (Ca, Cu, Fe, Mq, S i ,  T i ,  B) were ch romatog raph ica l l y  
de tec tab le  i n  b o t h  SRC's employing p y r i d i n e  e l u t i o n  (e.g.  t o luene  so lub le  
m a t e r i a l  was re -d i sso l ved  i n  p y r i d i n e  and e l u t e d  from the  column w i t h  
p y r i d i n e )  and a u - s t y r a g e l  column. As might  have been expected a g rea te r  
o v e r a l l  c o n c e n t r a t i o n  o f  metal  i s  de tec ted  i n  t h e  separa t i on  o f  p y r i d i n e  
s o l u b l e  SRC than to luene  s o l u b l e  SRC. A g rea te r  c o n c e n t r a t i o n  o f  l a r g e r  
" s i zed"  m a t e r i a l  i s  a l so  observed i n  p y r i d i n e  s o l u b l e  SRC (VR-85) r e l a t i v e  
t o  to luene s o l u b l e  SRC (VR-39) as evidenced by t h e  g rea te r  m i s s i o n  
i n t e n s i t y  of t he  e a r l i e r  e l u t i n g  me ta l - con ta in ing  species i n  the r e s p e c t i v e  
metal lograms. T o t a l l y  s ize-exc luded m a t e r i a l  ( r e t e n t i o n  volume B 3.5 mL) as 
w e l l  as s e l e c t i v e l y  permeated meta l  spec ies are apparent. Th is  imp l i es  t h a t  
t h e r e  e x i s t s  a group o f  o rgano-meta l l i cs  o f  r a t h e r  l a r g e  s i z e  and another 
( u s u a l l y  broader)  d i s t r i b u t i o n  o f  o rganometa l l i cs  of cons ide rab ly  smal ler  
s i z e .  This bimodal behavior  i s  e s p e c i a l l y  pronounced i n  the p y r i d i n e  
s o l u b l e  f r a c t i o n s .  

SRC from Wyodak #4 

Me ta l l og raph ic  comparison d a t a  are a v a i l a b l e  on SRC's prepared at  
d i f f e r e n t  r e a c t i o n  t imes. 
g r e a t e r  number of ch romatog raph ica l l y  de tec tab le  me ta l s  was r e a l i z e d .  
Changes in  r e a c t i o n  t ime  do no t  appear t o  cause as ex tens i ve  a l t e r a t i o n s  i n  
meta l  s ize d i s t r i b u t i o n  as changes i n  r e a c t i o n  temperature.  The minor 
changes which are observed are n o t  c o n s i s t e n t  from one meta l  t o  another. 
More s p e c i f i c a l l y ,  B and Ca appear t o  have a g r e a t e r  c o n c e n t r a t i o n  o f  l a r g e  

P y r i d i n e  e x t r a c t i o n  was employed; the re fo re ,  a 
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TABLE 111 

METAL ANALYSIS DATA OF SRC'S PREPARED WITH 
DIFFERENT WYODAK C0ALSa.C 

E 1 emen t 
A9 
A1 
B 
Ba 
Ca 
Cd 
C r  
cu 
Fe 
M9 
Mn 
Mo 
N i  
S i  
Sn 
T i  
V 
Zn 

Wyodak #1 
72.3%h 
1.57 
397.0 
31.8 
3.76 
1567 

1.17 
5.64 
125.0 
391 .O 
19.6 

13.8 
113.0 

49.0 
4.28 
11.6 

Wyodak #2 
84.7%b 

312.0 
28.5 
3.27 
1228 

2.35 
4.07 
171.0 
258.0 
21.9 

17.6 
170.0 

44.2 
4.34 
22.1 

Wyodak #3 
85.4Xb 
0.97 
194.0 
14.9 
0.97 
540.6 

1.70 
6.92 
157.9 
90.5 
7.12 

20.6 
104.5 

39.5 
5.28 
9.43 

Wyodak #4 

5.75 
483.0 
28.6 
15.9 
4069 
2.02 
4.28 
13.1 
180.0 
320.0 
17.0 
4.35 
53.0 
169.0 

66.9 
7.10 
52.7 

83.3%b 

a50% t e t r a l i n / 5 0 %  methyl naphthalene; S:C, 2:l; 400°C; 7.5 MPa H2; 

bPy r id ine  convers ion (MAF) 

CUnits are pg/g o f  MF coal 

30 minutes. 

TABLE I V  

ULTIMATE AND PROXIMATE ANALYSES 

a a a a C 
Wyodak Wyodak Wyodak Wyodak Ind V 
#1 #2 #3 #4 

%C 65.81 64.00 48.27 64.80 65.8 
%H 5.15 5.34 4.47 5.59 5.0 
%N 0.86 0.85 0.71 0.88 1.4 
%D 21.19 20.97 24.32 17.52 7.6 
%S 0.41 1.07 6.60 1.96 3.7 
Ash 5.1 5.9 20.3 0.1 10.3 
Mo i s t  ure 9.9 8.1 7.0 7.6 5.1 
Vol a t  i 1 es 36.1 37.7 35.0 39.4 37.4 

Fixed Carbon 49.3 48.3 37.7 44.9 47.2 
(54.8) (52.6) (37.0) (48.6) 

(40.1) (41.0) (41.4) (42.6) 

aSamples prepared by d r y i n g  f o r  5 days, 133 Pa, 20°C t o  remove storage water. 

bNumbers i n  pa ren thes i s  are prox imate analyses on m o i s t u r e  f r e e  bas i s  
ob ta ined  i n  our l a b o r a t o r y .  

CData obta ined from Kerr  McGee Corp., Cresent, OK. 
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s i z e  species a t  t he  longer  r e a c t i o n  t i m e  (30 minutes)  than the  sho r te r  one 
(10  minutes) .  The reve rse  s i t u a t i o n  operates w i t h  Cu, Fe, T i  and Zn. An 
i n t e r p r e t a t i o n  o f  these r e s u l t s  suggest t h a t  B and Ca may i nco rpo ra te  w i t h  
i n i t i a l  reg ress i ve  r e a c t i o n  products ;  whereas Cu, Fe, Ti and Zn are t i ed -up  
more w i t h  t h e  p rog ress i ve  r e a c t i o n  products .  A longer  r e a c t i o n  t ime  should 
be conducive t o  both pr imary-secondary product  p rog ress i ve  r e a c t i o n s  as well 
as t o  reg ress i ve  r e a c t i o n  behavior .  

1. 

2. 

3. 

4. 

5. 
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